Radionuclides may be released into the environment accidentally or incidentally, which could raise health risks when ingested or inhaled by humans. In order to study the behaviour of radionuclides in the human organism (metabolism, retention, excretion), knowledge of radionuclide speciation is indispensable: speciation governs the transfer, bioavailability and toxicity of elements and is also of considerable interest for decorporation. In this context, the Commissariat à l'É nergie Atomique has created a working group on speciation to share data both on thermodynamic constants and on speciation analysis methods of interest to chemists, environmentalists and biologists. The initial focus was on the 31 radionuclides described in different International Commission on Radiological Protection models (HRTM, HAT) and the National Council on Radiation Protection model (wound). Particular attention was devoted to selecting the inorganic and organic ligands, most representative of biological media. The base applied to speciation in solution and at interfaces and solubility (BASSIST) thermodynamic database was developed for this purpose. The aim of this paper is to present the state of the art on radionuclide speciation tools within biological media and to emphasise some missing data in order to orient future research.
INTRODUCTION
Internal contamination with radionuclides including actinides (Th, U, Np, Pu, Am), fission products (Cs, Sr, Tc, etc.) and activation products (Co, Ni, Mo, etc.) under acute or chronic mode can induce both radiological and chemical toxicity. Whatever the route of contamination (inhalation, ingestion or wound), the radionuclide is absorbed to the blood (depending on its dissolution properties) and then distributed in the target organs (bone, kidney, liver, etc.) in which it can be stored and then eliminated through urine and faeces. These different biological steps are dominated by kinetics but also by the physico-chemistry or the speciation of compounds.
The biokinetics and bioinorganic chemistry of 31 elements have been fully reviewed by the International Commission on Radiological Protection (ICRP Publication 67, 69, 88, 100) (1 -4) and the National Council on Radiation Protection (NCRP) (5) and are currently being revised. Moreover, several reviews on actinide speciation have been published (6 -9) . Speciation studies, which refer to the distribution of species in a particular medium, are necessary to improve the description, understanding and prediction of actinides trace element behaviour and toxicity. There are different methods to approach the speciation of radionuclides in biological systems, among which computer modelling based on the use of selected thermodynamic data and experimental determination are complementary approaches.
The aims of this paper are:
(1) to select the existing biological data on natural or artificial ligand-radionuclide complexes in order to implement the base applied to speciation in solution and at interfaces and solubility (BASSIST) database (10) developed at Commissariat à l'É nergie Atomique (CEA) and to show how this tool can help biologists to perform predictive calculations useful for designing and conducting their experiments. A major challenge in this field is to find good sets of coherent and robust thermodynamic data; (2) (4) ; C F /C M , transfer maternal foetal (ICRP 88) (3) , Wound model classification for retention (NCRP) (5) W, weak; M, moderate; S, strong; A, avid.
b K 1 , thermodynanic stability constant; K s , solubility constant (IUPAC) (13) .
biological systems and to allow the implementation of such a database.
The different steps suggested are:
(1) to perform a synthetic review of the main physico-chemical data of these 31 radionuclides, summarising data available in the literature; (2) to list thermodynamic constants available and to emphasise the missing data to guide future research; analogies that are often used in case of insufficient experimental data are also discussed; (3) to list analytical methods that permit the estimation of speciation patterns.
PHYSICO-CHEMICAL PROPERTIES OF MAIN ICRP RADIONUCLIDES
Radionuclides in aqueous solution can occur as solids, colloids or solvated species. The presence of these species is regulated by thermodynamic and kinetic laws and is sensitive to parameters such as cationanion concentration, ionic strength, temperature, gasliquid-solid phase equilibria and oxidation-reduction potential. Table 1 gives selected physico-chemical properties for some of the 31 ICRP elements including the main ionic form, the different chemical classifications (softness, electronegativity, redox (Eh), etc.), some ICRP factors and some stability and solubility constants.
SELECTED THERMODYNAMIC CONSTANTS FOR 31 ICRP RADIONUCLIDES
A selection of biology-relevant actinide ligands, ranked in families (minerals, organics, protein and amino acids, and metals) present in a few media within the human body (saliva, blood serum, gastric juice), and their concentrations have been already listed, together with the average composition of a cell culture medium (9) used for in vitro experiments. Considering this large number of components in biological media, a thermodynamic database of equilibrium constants involving actinides, but also fission and activation products, is being developed for speciation calculations in geochemical and the above biological media. This database called BASSIST (10) corresponds to: (a) the integration of internationally certified values, such as data from OECD/NEA reviews (11, 12) , IUPAC (13) and NAGRA/ PSI (14) , (b) additional selected data from the international literature, and (c) additional data obtained from chemical analogies between elements, giving for each value an index of reliability and robustness. In parallel, another database database for chemical toxicity and radiotoxicity assessment of radionuclides (DACTARI) (15) has been developed in order to collect data on both toxicity and radiotoxicity. Table 1 presents as an example only, some selected thermodynamic stability constants, for some of the 31 elements of ICRP models that have already been implemented in BASSIST (10) , including basic compounds such as hydroxides and phosphates and amino acids such as histidine. A recent review on actinide speciation in relation to biological processes (9) gives complete data of actinide complexes with 16 relevant compounds including mineral, organic, amino acids and some well-known chelating agents.
Analogies, based on chemical similarities and a use of reduced radioactivity, are very useful for structural investigation, and modelling studies making experimental studies more convenient. The best illustrative example is the remarkable similarities between the chemical and biological transport and distribution properties of Fe(III) and Pu(IV) (8, 9) . They include charge-to-ionic-radius ratio for Fe(III) and Pu(IV) (4.6 and 4.3, respectively), formation of highly insoluble hydroxides (M(OH) n ) and similar first hydrolysis constant (Pu(OH) 3þ and Fe(OH) 2þ ). This analogy is clearly illustrated when log K 1 values (I ¼ 0; T ¼ 258C) characterising the interaction of different chelating agents with both elements are plotted with a correlation of almost 1:1 (Figure 1a) .
Nevertheless there are some limitations: for example, the behaviour of uranium in the skeleton shows some qualitative similarities to that of the alkaline earth elements, which led ICRP (2) to build the uranium biokinetic model using analogous alkaline earth element behaviour. However, the plot of log K 1 values (I ¼ 0; T ¼ 258C) for UO 2 2þ and Ca 2þ shows values far from the 1:1 ratio (Figure 1b) , showing in this case that chemical analogy is not representative.
To illustrate the application of BASSIST database in order to predict or explain the presence of species in a specific medium, two practical applications have been previously reviewed by Ansoborlo et al. (9) . They concern: (a) the study of the speciation of actinides and lanthanides in the human gastro-intestinal tract (9,16 -17) ; (b) the influence of different chemical forms of plutonium (e.g. Pu-nitrate, Pu-phytate and Pu-citrate) on its distribution in liver and skeleton, following intravenous injection in rats (18) . Such experiments were performed using speciation softwares (e.g. JCHESS (19) ) capable of evaluating the chemical state of any aqueous systems.
ANALYTICAL TOOLS FOR SPECIATION
The determination of speciation via analytical methods has been developed owing to the continual advances in the performance of analytical tools. These methods (20) can be split, non-exhaustively, into two main categories. Direct methods, such as those of laser spectrometry (for instance fluorescence, photoacoustics and thermal) and mass spectroscopy, allow work to be done directly on a sample. Indirect methods rely on the use of separative methods (dialysis, ultrafiltration, chromatography, electrophoresis) and detection of one or several elements (atomic absorption, plasma torch with detection by Atomic Emission Spectroscopy or 
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Mass Spectrometry, radiochemical or electrochemical methods). Chemical speciation of an element provides answers to questions about the different forms of this element, its oxidation state and molecular structure and the nature and quantification of its complexed forms. A panel of analytical techniques enables in situ speciation. They should be the least intrusive possible leaving speciation unperturbed. Generally they operate on solid and liquid samples and can be classified (9, 20) according to limit of detection and type of information provided. Table 2 summarises the main recent methods currently applied for speciation, including some illustrating examples in the literature with their references.
Determination of new data (stability constants) using analytical speciation techniques constitutes another important challenge. A recent study (21) illustrates the use of a panel of spectroscopic analytical methods for the study of the complexation between 1-hydroxyethane-1,1'-diphosphonic acid (HEDP) and uranyl ion UO 2 2þ , suggesting a metal complex present as 1:1 (metal/ligand) stochiometry with calculated stability constants log K 1 ¼ 6.5 for MH 3 L and log K 2 ¼ 11.5 for MH 2 L.
The lack of data for the sugar family, which is often present in different media, and also for buffer solutions, which occur in in vitro experiments, has been highlighted and should be considered for further investigations.
CONCLUSION AND FUTURE TRENDS
The aim of this study was to review the different speciation tools available for radionuclides such as actinides, fission and activation products and to show the possibilities of theoretical (stability constant databases) and analytical speciation tools in the prediction and interpretation of biological experiments. Progress in the development of these tools will certainly improve our knowledge of radionuclide transfer in organs and cells and will allow to better understand their toxicity. Some missing stability constant data have been listed such as complexation constants with ligands such as sugars, amino acids, proteins and chelating agents, as well as buffer solutions used for in vitro experiments. Extending the BASSIST thermodynamic database to biological media will provide and assess new data and will allow biologists to perform better predictive calculations for designing and conducting their experiments as well as for their interpretation.
